When the lethal action of a C-8 methoxyl fluoroquinolone against clinical isolates of Mycobacterium tuberculosis in liquid medium was measured, the compound was found to be three to four times more effective (as determined by measuring the 90% lethal dose) than a C-8-H control fluoroquinolone or ciprofloxacin against cells having a wild-type gyrA (gyrase) gene. Against ciprofloxacin-resistant strains, the C-8 methoxyl group enhanced lethality when alanine was replaced by valine at position 90 of the GyrA protein or when aspartic acid 94 was replaced by glycine, histidine, or tyrosine. During infection of a human macrophage model by wild-type Mycobacterium bovis BCG, the C-8 methoxyl group lowered survival 20-to 100-fold compared with the same concentration of a C-8-H fluoroquinolone. The C-8 methoxyl fluoroquinolone was also more effective than ciprofloxacin against a gyrA Asn94 mutant of M. bovis BCG. In an M. tuberculosis-macrophage system the C-8 methoxyl group improved fluoroquinolone action against both quinolone-susceptible and quinolone-resistant clinical isolates. Thus, a C-8 methoxyl group enhances the bactericidal activity of quinolones with N1-cyclopropyl substitutions; these data encourage further refinement of fluoroquinolones as antituberculosis agents.
The resurgence of tuberculosis in New York City during the early 1990s was accompanied by an alarming incidence of antibiotic resistance in the causative organism, Mycobacterium tuberculosis: isolates that were resistant to as many as seven different agents emerged (10) . Among the resistant strains were the so-called W isolates, a group of clonal isolates in which the genomic distribution of IS6110 is the same (2) . Disease caused by these resistant strains was particularly difficult to treat when patients were coinfected with human immunodeficiency virus type 1 (12) . After a few years, the New York City outbreak was suppressed, largely by improved institutional infection control and by the use of directly observed therapy that ensured patient compliance with antibiotic regimens (9) . However, the cost of the outbreak was considerable (3, 9) . Moreover, W-type isolates appear to have spread to other cities (1, 2) where treatment failures still occur (1) . This experience left us with the conviction that the arsenal of antituberculosis agents is too small.
We have focused our effort on the fluoroquinolones. In bacteria other than mycobacteria, these compounds attack DNA gyrase and the related enzyme DNA topoisomerase IV (reviewed in reference 8); it is likely that gyrase is also the target in mycobacteria, since first-step mutations obtained with laboratory strains of M. tuberculosis map in gyrA and gyrB, the two genes encoding gyrase (17, 22) . Moreover, the general features of quinolone action are similar in mycobacteria and Escherichia coli (7) , most clinical strains that are resistant to fluoroquinolones carry a mutation in gyrA (6, 21) , and gyrase isolated from a resistant strain of Mycobacterium smegmatis is resistant to fluoroquinolones in vitro (4) . Thus, knowledge gained from studies with other bacteria can be used to seek more effective antimycobacterial fluoroquinolones.
Two relevant observations were made recently. First, intracellular action of the quinolones occurs as two distinct steps: bacteriostatic drug-gyrase-DNA complexes form, and then lethal double-strand DNA breaks are released from the complexes (5) . This distinction between blocking growth and killing cells is potentially important because quinolone treatment induces the SOS response (8) , which is modestly mutagenic (19a) . If induced mutants are not killed before the resistant form of the target topoisomerase is fully expressed, the quinolone treatment might contribute to the formation of resistant cells. Thus, quinolone potency assessment should include direct measurement of lethal activity, which is not always predictable from standard bacteriostasis assays (27) . The second observation is that substituents at the C-8 position increase fluoroquinolone potency, especially against first-step gyrase and topoisomerase IV resistance mutants (6, 13, 15, 16, 27, 28) . This observation led to the finding that fewer resistant mutants are selected when bacteria are challenged with C-8 methoxyl (C8-OMe) fluoroquinolones than with C-8-hydrogen (C8-H) derivatives (6, 27) . The next step is to determine whether C8-OMe fluoroquinolones are also particularly lethal for M. tuberculosis and its gyrA mutants.
In the present study we first tested the expectation that a C8-OMe fluoroquinolone is more bactericidal than its C8-H control or the clinical standard ciprofloxacin against gyrA ϩ and gyrA resistance mutants of M. tuberculosis growing in liquid medium. This was the case. We then examined fluoroquinolone susceptibility of Mycobacterium bovis bacillus CalmetteGuérin (BCG) and M. tuberculosis during infection of the human monocytic cell line THP1 following induced differentiation into macrophage-like cells (23) . Susceptibility paralleled results obtained with cultures grown in liquid medium. Thus, C8-OMe fluoroquinolones are likely to be much more effective antituberculosis agents than currently used com-pounds, such as ciprofloxacin, particularly because their activity against gyrA mutants will decrease the outgrowth of resistant strains that arise during treatment.
MATERIALS AND METHODS
Bacterial strains and culture methods. Bacterial strains used in this study are listed in Table 1 Seed lots of M. tuberculosis and M. bovis BCG were prepared in the following way. Aliquots (1 ml) were removed from frozen cultures (Ϫ70°C), thawed at room temperature, and inoculated into plastic bottles containing 50 ml of 7H9 liquid medium (Middlebrook 7H9; Difco Laboratories, Detroit, Mich.) with 10% albumin-dextrose complex and 0.05% Tween 80. These cultures were incubated at 37°C with rolling (Low Profile Roller; Stovall Life Sciences, Greensboro, N.C.) until stationary phase was reached, as determined by measuring culture turbidity (A 600 ). Dimethyl sulfoxide or bovine calf serum was added to a final concentration of 10%, and 0.5-or 1-ml aliquots were frozen at Ϫ70°C. For each experiment a frozen aliquot was thawed, diluted at least 100-fold, and grown as described above to exponential phase (determined by culture turbidity and confirmed by counting colonies that grew on 7H10 agar). All experiments with M. tuberculosis were carried out in a biosafety level 3 containment facility.
Fluoroquinolone action against M. tuberculosis grown in liquid media. Ciprofloxacin was a product of Miles Laboratories, and compounds PD161148 (C8-OMe) and PD160793 (C8-H) were obtained from Parke-Davis Pharmaceutical Co. The fluoroquinolones were prepared as solutions of 10 mg/ml in 0.1 N NaOH and were stored at Ϫ80°C. Dilutions were prepared in 7H9 or RPMI 1640 medium immediately before use.
M. tuberculosis isolates were grown to exponential phase by rolling-culture incubation (about 10 6 to 10 7 CFU/ml) and distributed as 3-ml aliquots in glass screw-cap tubes. Fluoroquinolones were added to various concentrations, and bacterial cultures were incubated for 5 days with rolling (the incubation time, which from earlier work [7] was expected to allow moderate survival at a moderate fluoroquinolone concentration, was chosen to parallel the macrophage studies described below). Serial dilutions were plated on 7H10 agar lacking drugs; colonies were counted after incubation of agar plates for 4 to 5 weeks at 37°C.
Fluoroquinolone action against mycobacteria in human macrophages. Cells of human monocytic cell line THP1 were cultured in RPMI 1640 medium supplemented with 10% bovine calf serum (HyClone Laboratories, Logan, Utah) lacking antibiotics. THP1 cells (2.5 ϫ 10 5 cells in 0.5 ml) were seeded into the wells of 24-well tissue culture plates. Each well contained a 12-mm-diameter glass coverslip. After incubation at 37°C for 24 h, phorbol 12-myristate 13-acetate (PMA; Sigma Chemical Co., St. Louis, Mo.) was added to each well at a final concentration of 100 nM. This treatment caused the cells to differentiate into adherent, macrophage-like cells (23) . Cells were incubated overnight, and the growth medium was replaced by 0.5 ml of fresh RPMI 1640 medium containing 10% bovine calf serum or 20% human serum (Sigma Chemical Co.) lacking PMA. After one additional hour of incubation, mycobacteria were added as described below.
Prior to infection of macrophages, mycobacteria (5 ml) growing exponentially were harvested by centrifugation at 5,000 ϫ g for 15 min, washed once with 5 ml of phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 1 mM MgCl 2 ), and resuspended in 5 ml of PBS.
One milliliter of bacterial suspension was transferred to a 15-ml plastic tube that was then immersed in water and sonicated at room temperature for 15 s (model 2210 ultrasonic cleaner; Bransonic, Danbury, Conn.) to disperse bacterial clumps. Microscopic examination for acid-fast-stained bacteria revealed that sonication broke most of the bacterial clumps into single cells (a few small clumps of 2 to 5 bacteria were detected; clumps containing 10 or more cells were rare). Mycobacteria (1 ϫ 10 5 to 5 ϫ 10 5 CFU) were added to 2.5 ϫ 10 5 to 5 ϫ 10 5 differentiated THP1 cells per well present on coverslips in tissue culture plates. Plates were incubated for 3 to 4 h, and extracellular bacteria were removed by three washes with warm (37°C) PBS (1 ml was added to each well and then removed by aspiration). Fresh growth medium (0.5 ml) was then added to the infected monolayers, and they were cultured for 2 or 5 days with various concentrations of fluoroquinolone (from earlier work with M. bovis BCG, 2 days was expected to be an early kinetic point and 5 days was expected to be a moderately long one but short enough to avoid problems associated with macrophage death, which arose at about 7 to 8 days). Then medium was removed, monolayers were lysed by treatment with 0.5% sodium dodecyl sulfate, serial dilutions were prepared, and 50-l aliquots were plated onto 7H10 agar. The numbers of CFU were determined after 4 to 5 weeks of incubation at 37°C. In preliminary control experiments, removal of fluoroquinolones by washing cells prior to plating had no effect on the number of colonies detected, probably because dilution was sufficient to eliminate carryover effects. Thus, in the experiments reported, aliquots were plated directly after dilution.
The extent of infection and numbers of intracellular bacilli per macrophage were determined by light microscopy of control cultures that were not treated with fluoroquinolone. Glass coverslips to which infected THP1 cells were attached were treated with 10% formaldehyde for 20 min to kill mycobacteria, and then cells were stained with acid-fast stain (Difco). About 10 to 30% of adhered THP1 cells were found to be infected, and the number of bacteria per cell ranged from 1 to 10. At the end of the 5-day incubation period 85% of the macrophages remained intact and attached to coverslips; only 10% of the bacteria present in cells had been released into the medium. Thus, cell lysis occurring during the incubation period had little effect on the interpretation of the data.
RESULTS
Lethal action of fluoroquinolones against M. tuberculosis grown in liquid medium. Work with E. coli (27) , Staphylococcus aureus (13, 28) , and M. bovis BCG (6) showed that a C8-OMe group makes fluoroquinolones more lethal, especially to moderately resistant gyrA mutants or, in the case of S. aureus, to parC mutants. To determine whether this is also true for clinical isolates of M. tuberculosis, we compared a C8-OMe compound (PD161148) with its C8-H control (PD160793) and ciprofloxacin (structures are shown in Fig. 1 ). Cultures were grown to mid-log phase and then incubated for 5 days with various concentrations of fluoroquinolone. The CFU of surviving bacteria were then counted. At low fluoroquinolone concentrations the cultures continued to grow, and so differences in cell number between effective and ineffective concentrations or compounds were sometimes many orders of magnitude (Fig. 2) . The C8-OMe fluoroquinolone was more lethal than the other two compounds to the gyrA ϩ isolate TN1626 ( Fig. 2A) . This result was quantified by comparing the concentrations required to kill a given fraction of the population. For example, the doses required to kill 90% of the cells (LD 90 s of TN1626 were 0.38, 0.8, and 1.3 g/ml for PD161148 (C8-OMe), PD160793 (C8-H), and ciprofloxacin, respectively. The ciprofloxacin-resistant isolate TN1625, which contained a valine substitution for alanine at position 90 of GyrA, was also more susceptible to the C8-OMe compound (LD 90 s were 1.5, 9, and 11 g/ml for PD161148, PD160793, and ciprofloxacin, respectively [ Fig. 2B]) . Three other resistant strains, which had substitutions of glycine, histidine, or tyrosine for aspartic acid at position 94 of GyrA, were also killed effectively by the C8-OMe compound, although higher concentrations were required (LD 90 s were 3.2, 5.6, and 10 g/ml, respectively [ Fig. 2C to E]). PD160793 (C8-H) and ciprofloxacin showed less activity against these strains. Thus, while a C8-OMe group increased fluoroquinolone lethality to wild-type and ciprofloxacin-resistant M. tuberculosis in general, the mutations at position 94 conferred resistance to higher doses than a mutation at posi- tion 90. These amino acid differences are consistent with an earlier report in which ciprofloxacin displayed more bacteriostatic activity against the mutant with a substitution at position 90 than against the mutants with substitutions at position 94 (25) . Fluoroquinolone activity against M. bovis BCG in human macrophages. We next examined the activities of fluoroquinolones in a human macrophage model infected with M. bovis BCG. For the wild-type bacterial strain, survival in the presence of the C8-OMe compound was 20 to 100 times lower than in the presence of the C8-H control or ciprofloxacin at 2 g/ml (Table 2) . With the gyrA Cip r mutant, the C8-OMe compound saturated at the lowest concentration tested while the two C8-H compounds allowed four to six times more survival at the highest concentration (Table 2) . Similar results were obtained in two replicate experiments (data not shown). Thus, a C8-OMe group improves fluoroquinolone action against M. bovis BCG in macrophages.
In each of three experiments with M. bovis BCG there was little or no net bacterial growth during the 2 days of infection; consequently, the fluoroquinolone experiments described above addressed only lethal activity. Control experiments with longer incubation times showed that from day 2 to 5 the number of bacteria increased 10-to 20-fold (data not shown). Thus, these experiments were performed during lag phase (a lag in growth during infection of macrophages has also been observed with M. avium [14] ). We conclude that exponential growth is not required to observe increased lethality arising from a C8-OMe group.
Fluoroquinolone activity against M. tuberculosis in human macrophages. For examination of M. tuberculosis, bacteria were recovered after 5 days of incubation, which was enough time to allow untreated controls to increase at least 20-fold. The data were normalized in two ways. Compared to the data for a no-drug control measured at day 0, the data represent a minimum measure of bacterial killing. Compared to the data for the control measured at day 5, the data reflect relative growth. As expected, the gyrA mutations reduced susceptibility to all compounds (Table 3) . Against the two gyrA ϩ strains TN913 and TN1626, the effect of the C8-OMe fluoroquinolone differed little from that of its C8-H control, but the C8-OMe fluoroquinolone was much more effective than the control compound against the Asp94-Gly and Asp94-His ciprofloxacin-resistant mutants (Table 3) . Action by the C8-OMe compound against the Asp94-Tyr mutant TN1627 (Table 3) was seen only when culture growth was considered. With this strain the C8-H compound PD160793 showed little activity. In general, these results were consistent with the ability of the two 
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compounds to kill cells grown in liquid medium (Fig. 2) , although against wild-type cells (strain TN1626) the C8-H compound was more active than expected. Ciprofloxacin was clearly less potent. When the gyrA ϩ isolates were treated with this fluoroquinolone, 2 to 30 times more CFU were recovered than following treatment with the C8-OMe compound at the same dose, and ciprofloxacin had little bactericidal effect (Table 3) . Differences could not be quantified with the ciprofloxacin-resistant isolates because ciprofloxacin showed no lethal action. In each case where growth was considered, PD161148 (C8-OMe) was found to be more active (Table 3) . These were the results expected from comparisons made with cells grown in liquid medium (Fig. 2) .
Comparison of gyrA ϩ strains TN913 and TN1626 was also of interest. TN913 is a member of a group exhibiting IS6110 restriction fragment length polymorphism (RFLP) pattern C. It represents the major type found in the New York City outbreak of the early 1990s. Members of this type are susceptible to all antituberculosis agents. TN1626 is a member of the group exhibiting RFLP type W, the major multidrug-resistant group in the outbreak. As shown in Table 3 , strain TN913 exhibited a slightly lower level of survival than TN1626 when challenged with the new fluoroquinolones.
DISCUSSION
In the experiments described above, a C8-OMe group increased the bactericidal action of fluoroquinolones against clinical isolates of M. tuberculosis grown in culture or after infection of THP1-derived macrophages. This was true when gyrase was wild type ( Fig. 2A) and when it contained mutations that were associated with clinical resistance to ciprofloxacin (Fig. 2B to E) . These data help explain why the C8-OMe derivative allows fewer resistant mutants to arise in mycobacterial populations challenged with fluoroquinolones (6) . Greater lethality to wild-type cells probably restricts SOS-dependent mutagenesis, greater lethality to preexisting and induced mutants makes their survival less likely, and greater bacteriostatic activity against mutants (6) lowers the fluoroquinolone concentration required to prevent outgrowth of surviving mutants. It is likely that increased lethality due to the C8-OMe group is also exerted against M. tuberculosis growing in the human monocytic cell line THP1 after PMA-induced differentiation (Table 3) . However, our data for macrophages do not distinguish between direct killing of M. tuberculosis by the fluoroquinolones and enhancement of sensitivity to macrophage-based lethality.
The increased effectiveness of C8-OMe fluoroquinolones could arise in two ways. First, the C8-OMe moiety could affect factors such as uptake, efflux, and detoxification. Second, the C8-OMe group might confer greater specific activity against DNA gyrase. The two possibilities, which are not mutually exclusive, can be distinguished by comparing lethal action against a gyrA mutant after normalization to lethal action against wild-type cells, assuming that the two strains differ mainly at the gyrA locus. For the C8-OMe compound PD161148, the ratio of the LD 90 for strain TN1625 (GyrA r ) to that for strain TN1626 (gyrA ϩ ) was about 4 (1.5/0.38). For the C8-H compounds PD160793 and ciprofloxacin, the ratios were 11 (9/0.8) and 8 (11/1.3), respectively. The lower ratio for PD161148 suggests that the C8-OMe group increases specific activity against gyrase, a conclusion that should now be confirmed in vitro (15) . Some gyrA ϩ clinical isolates of M. tuberculosis appear to be more susceptible to fluoroquinolones than others. For example, isolate TN913, a representative of the strain most frequently recovered during the recent tuberculosis outbreak in New York City, is more susceptible to PD161148 (C8-OMe) than is TN1626, the gyrA ϩ representative of the multidrugresistant W strains (Table 3 ). The group of isolates represented by TN913 (IS6110 RFLP pattern C [18] ) has not been associated with antibiotic resistance (18) . In contrast, isolates with the W IS6110 RFLP pattern are resistant to four first-line antituberculosis agents, and many members of the group have acquired additional markers, probably from failed therapy (Table 1). The reasons for these differences between gyrA ϩ strains are not known.
Fluoroquinolone concentrations used to kill M. tuberculosis inside human macrophages were similar to levels used previously with mouse macrophages (20) , but they were higher than needed when the bacteria were grown in liquid culture. Since quinolones are not very effective against nongrowing cells (reviewed in reference 8), a requirement for high concentration would be expected if the bacterial population in macrophages did not grow when exposed to fluoroquinolone. Quinolones differ in their abilities to kill nongrowing cells, so it may be possible to find derivatives that are especially effective in macrophage culture. It is less likely that the fluoroquinolones were taken up poorly by THP1 cells, since mammalian cells tend to concentrate fluoroquinolones (11, 19) . Nor is there reason to believe that the greater potency of the C8-OMe compound arose from increased accumulation by macrophages, since parallel results were obtained in broth culture. Regardless of the reasons for the differences in fluoroquinolone susceptibility between mycobacteria grown in liquid culture and those grown in macrophages, it is clear that PD161148 (C8-OMe) is considerably more effective than ciprofloxacin, a compound already in clinical use. Thus, C8-OMe fluoroquinolones may be useful therapeutically against M. tuberculosis.
